INTRODUCTION
Chronic lymphocytic leukemia (CLL) is the most common adult leukemia in the Western world, but it is rare in the East. 1, 2 It is known to be a heterogeneous disease with a strikingly variable clinical course. The cytogenetic abnormalities present are major determinants of the outcome for patients with CLL. More than 80% of CLL patients harbor recurrent genetic aberrations identified by interphase fluorescence in situ hybridization (FISH), 3, 4 and detecting the presence of these cytogenetic aberrations remains the gold standard and basis for the longstanding hierarchical classification of CLL: 5 the deletion of TP53 (17p) and the deletion of ATM (11q) are adverse predictors, whereas the deletion of 13q14 alone is favorable. Trisomy 12 and IGH translocation (14q32) are neutral. However, even in subgroups with an unfavorable outcome, the prognosis is heterogeneous. A subset of CLL patients with del 17p was reported to have stable disease. 6, 7 Intratumoral genetic heterogeneity (ITH) may partially contribute to this nonuniformity. ITH is defined as nonhomogeneity of genotypic/epigenetic status and the variable expression of different markers by separate cell groups within the same tumor, also known as clonal diversity. 8, 9 Although the existence of intratumoral subclones has long been appreciated, little is known about the evolution of subclonal genetic alterations or their impact on the clinical course of CLL. Interestingly, in clinical FISH examinations, individual patients might exhibit several cytogenetic aberrations simultaneously, but with asymmetric percentages of abnormal tumor cells presenting the aberrations. For example, in one patient, 90% of cells were positive for del 13q, but only 30% were positive for del 17p or trisomy 12. This phenomenon indicates that two cytogenetic subclones may exist in which tumor cells exhibiting del 17p or trisomy 12 may constitute a minor intratumoral subclone. Using this algorithm, we identified intratumoral cytogenetic subclones and numbers of cytogenetic aberrations that could add to the prognostic significance of detected conventional cytogenetic aberrations in CLL. Submitted Purpose: Chronic lymphocytic leukemia (CLL) is a heterogeneous disease with cytogenetic aberrations that are still considered the gold standard of prognostic factors. However, heterogeneity remains within each cytogenetic group, especially in patients with concomitant cytogenetic aberrations.
Methods:
A panel of DNA probes was used to detect cytogenetic aberrations, including RB1/D13S25 at 13q14, ATM at 11q22, TP53 at 17p13, CEP12 and IGH translocation at 14q32, by fluorescence in situ hybridization. A comprehensive method integrating the number of cytogenetic aberrations and intratumoral genetic heterogeneity was used to analyze the prognosis for patients with concomitant aberrations.
Results: Within the conventional favorable or neutral prognostic groups (i.e., with del 13q, trisomy 12, and/or t(14q32)), the coincidence of these three aberrations worsened survival in terms of time to first therapy, progression-free survival, and overall survival. However, within the conventional unfavorable prognostic group (i.e., del 11q or del 17p), patients with a minor unfavorable clone had an unexpected survival advantage compared with patients with a major unfavorable clone. A new cytogenetic prognostic system that integrates the number of cytogenetic aberrations and intratumoral genetic subclones was more precise than the conventional system.
Conclusion:
The number of cytogenetic aberrations and the size of intratumoral genetic subclones should be comprehensively considered to determine the prognosis for CLL.
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MATeRIALs AND MeTHODs
Patients
The study cohort consisted of 330 nonselected CLL patients from the Institute of Hematology and Blood Disease Hospital, Chinese Academy of Medical Sciences (CAMS), and the Peking Union Medical College (PUMC). A diagnosis of CLL was made according to the World Health Organization classification 10 and the Working Group of the National Cancer Institute criteria.
11
Evidence of persistent lymphocytosis and a compatible immunophenotype were required for the diagnosis. In all cases, an immunophenotypic analysis was performed by flow cytometry, including the following monoclonal antibodies (at minimum): CD19, CD3, CD5, CD22, CD23, CD38, CD25, CD103, CD11c, FMC7, BCL2, CD10, CD20, and surface immunoglobulins κ and λ. All patients provided written informed consent in accordance with the requirements of the Declaration of Helsinki, and the research project was approved by the institutional ethics review boards. The treatment applied during the course of the disease was heterogeneous and included chlorambucil, fludarabine, CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone), or COP (cyclophosphamide, vincristine, and prednisone); this was sometimes combined with rituximab. The indications for treatment were standardized per the CLL criteria.
Fluorescence in situ hybridization
Interphase FISH analysis was performed on peripheral blood or bone marrow samples at diagnosis. The median tumor cell content of the peripheral blood/bone marrow samples was 72.2% (range, 22.0 to 99.2%), as detected by flow cytometry. The CLL FISH "panel" included probes for the following loci: chromosome 12 centromere (CEP12), 13q14.3 (LSI D13S25 and RB-1), 14q32 (LSI IGHC/IGHV), 17p13 (LSI TP53), and 11q22 (LSI ATM) (all probes were purchased from Vysis, Abbott, Downers Grove, IL). All the analyses were performed separately. In six cases with more than two abnormalities, probes with different colors were hybridized together. Sample preparation and hybridization were conducted following the manufacturer's recommendations and as previously described.
12, 13 An LSI CCND1/IGH Dual Color, Dual Fusion Translocation Probe was used to exclude the possibility of mantle cell lymphoma in the case of t(14q32) positivity. All probes were purchased from Vysis. Signal screening was performed on at least 200 cells with well-delineated signals. The cutoffs for positive values (the mean of the normal control ±3 SD) were determined from the samples of 10 cytogenetically normal people to be 7.5% for CEP12; 6.5% for deletions of D13S25, Rb1, ATM, and P53; and 4.5% for IgH translocation and CCND1/IGH.
survival and statistical analysis
Overall survival (OS) was measured as the interval between the date of diagnosis or obvious disease-related symptoms and the date of death or last follow-up. Progression-free survival (PFS) was measured as the interval between the date of diagnosis or obvious disease-related symptoms and the date of death from any cause or from disease progression. The time-to-firsttherapy (TTT) survival is defined as the time from diagnosis or the appearance of obvious disease-related symptoms to the first time chemotherapy was administered. Fisher's exact test or the chi-squared test was used to determine statistically significant differences between the clinical characteristics of the two groups. Survival curves were constructed using the KaplanMeier method, and prognostic features were evaluated by univariate analysis (i.e., the log-rank test). P < 0.05 was considered statistically significant. All calculations were performed using the SPSS statistical software package (version 13.0).
ResULTs
Clinical and cytogenetic characteristics
In total, 330 patients were enrolled in the study and analyzed based on integral clinical records and cytogenetic results. The median age of the patient cohort was 58 years (range, 26-86 years). The baseline characteristics are detailed in Table 1 . Of these patients, 259 exhibited at least one cytogenetic aberration out of the five genetic loci, with total positivity of 78.5% (as shown in Table 1 We analyzed the prognostic factors for this cohort of patients. As shown in Table 1 , del 11q and del 17p were adverse factors for TTT and PFS, but only del 17p had a significant adverse impact on OS. Del 13q was an advantageous factor for TTT and PFS, but not for OS; patients with only del 13q exhibited longer survival than other patients in terms of TTT, PFS, and OS. Classification using the Rai risk-staging system also significantly influenced survival, but sex and age did not. Because the percentage of del 13q clones could impact the survival of Original research article patients with CLL, high percentages of del 13q clones were associated with adverse outcome. 14, 15 We evaluated the impact of the del 13q clone size in this study at cutoffs of 60, 70, and 85%. However, the percentage of del 13q clones was not found to have a significant impact on TTT, PFS, or OS (data not shown).
Because patients without any cytogenetic aberrations had similar TTT, PFS, and OS compared with those harboring only del 13q (Supplementary Table S1 online and Supplementary  Figure S1 online), we combined these two populations into one group referred to as the "favorable group. " We also compared the survival of patients with del 11q but without del 17p with that of patients with del 17p. The results of the survival analysis for these two groups were similar (Supplementary Table S1 online and Supplementary Figure S2 online), so these patients were combined into an "unfavorable group. " Because trisomy 12 and/or t(14q32) did not significantly influence survival (Table 1) , we combined these patients into a "neutral group. " The survival curves revealed significant differences among the three prognostic groups in terms of TTT, PFS, and OS based on this cytogenetic prognostic model (Figure 1a-c) .
Intratumoral genetic clone analysis
Among the 259 patients with at least one cytogenetic aberration, 152 patients had only one aberration, 84 patients had two aberrations, 19 patients had three aberrations, and 4 patients had four aberrations. Among the patients with more than one aberration, there was a great disparity in the percentage of tumor cells involved in each aberration. For example, in one patient, the positivity of del 13q could be 90% concurrent with 20% trisomy 12, which might indicate the presence of at least two different cytogenetic subclones. In our experience, the positive rate of each probe between different observers or at different times is always less than 30%. Thus, if the difference in the positive rate between two probes is more than 30%, then we consider there to be two cytogenetic clones. As shown, tumor cells with del 13q and/or trisomy 12 and/or t(14q32) had a favorable or neutral impact on prognosis and were defined as "favorable clones, " whereas tumor cells with del 11q and/or 17p were linked to unfavorable prognosis and were defined as "unfavorable clones. " Six cytogenetic categories were thereby defined: no cytogenetic clones (all negative), one favorable clone, two favorable clones, one unfavorable clone, unfavorable clones as the major constituent, and unfavorable clones as a minor constituent (indicated in Figure 2A) . Thus, 71 patients were defined as having no cytogenetic clones, 152 patients had one favorable clone, 23 patients had two favorable clones, 56 patients had one unfavorable clone, 15 patients had major unfavorable clones, and 13 patients had minor unfavorable clones (Figure 2B ). In total, 175 patients were classified into the "favorable clone" group, and 84 patients were classified into the "unfavorable clone" group.
To determine whether the intratumoral subclones were present in the same cells, we hybridized two probes with the discrepant percentage of involved cells together in six cases. All of these results showed the coexistence of two abnormalities in one hybridization (Supplementary Figure S3A,B online) , which supported the presence of intratumoral subclones.
survival analysis based on intratumoral genetic clone analysis
The prognostic role of these complicated cytogenetic aberrations has not yet been explored. For example, whether the survival exhibited by patients with trisomy 12 and t(14q32) is similar to that of patients with trisomy 12 and both del 13q and t(14q32) is unknown; also unknown is whether the prognosis for patients with del 17p as the minor clone differs from that for patients with del 17p as the major clone. We therefore further analyzed the prognostic factors of patients categorized as having "favorable" or "unfavorable" clones.
Greater numbers of cytogenetic aberrations worsened the survival of patients with favorable clones
Of the 175 patients with favorable clones, 129 had one aberration, 41 had two aberrations, and 5 had three aberrations. The survival of the five patients with three aberrations was worse than that of those with one or two aberrations, but statistical significance was achieved only for OS, as shown in Table 2 and Supplementary Figure S4 online. Because the survival of patients with one or two aberrations was not significantly different, we combined these patients into one group. We determined that both PFS and OS were significantly different between patients with three aberrations and those with fewer aberrations ( Table 2 and Supplementary Figure S5A-C online) . However, the number of intratumoral subclones did not influence the survival of patients with favorable clones ( Table 2 and Supplementary Figure S6 online). These results indicate that the number of cytogenetic aberrations is a prognostic factor within the favorable clone group.
Of the 129 patients with only one aberration, 77 patients exhibited only del 13q. Because del 13q alone is an advantageous predictor, we omitted these data to validate the prognostic role of the number of cytogenetic aberrations. As shown in Table 2 , patients with three aberrations exhibited worse survival than patients with fewer than three aberrations, especially in terms of OS (Supplementary Figure S7 online) . Furthermore, the number of intratumoral cytogenetic subclones did not influence survival ( Table 2) .
Minor intratumoral cytogenetic clones did not affect the survival of patients with unfavorable clones
Of the 84 patients with unfavorable clones, 56 (66.7%) were classified into the "one unfavorable clone" group, 15 (17.9%) were classified into the "unfavorable clone as major" group, and 13 (15.5%) were classified into the "unfavorable clone as minor" group. There were significantly different TTT, PFS, and OS values between these three groups ( Table 2 , Supplementary  Figure S5E -G online), and patients with an unfavorable clone as minor exhibited significantly better survival. In this conventional unfavorable group, the number of cytogenetic aberrations had no significant influence on survival ( Table 2 ). Original research article
A new cytogenetic prognostic model integrating intratumoral clones and number of cytogenetic aberrations performs better than the conventional model
Because there were prognostic subgroups within both conventional cytogenetic "favorable" and "unfavorable" groups, we reclassified the entire patient cohort into five groups: all negative or with only del 13q (n = 148), trisomy 12 and/or t(14q32) and/or del 13q but fewer than 3 aberrations in total (n = 92), concomitant trisomy 12 and t(14q32) and del 13q (n = 5), one unfavorable clone or unfavorable clone as major (n = 72), or unfavorable clone as minor (n = 13). As shown in Figure 3 , patients with an unfavorable clone as minor had survival similar to that of patients with only del 13q or without any cytogenetic aberration (Supplementary Table S2 online). Then, we restratified patients into three cytogenetic risk groups. The new favorable group included patients without any aberration, with only del 13q, or with the unfavorable clone as minor (n = 161). The new medium group included patients with trisomy 12 and/or t(14q32) and/or del 13q with fewer than three aberrations (n = 92). The unfavorable group included patients with one unfavorable clone, an unfavorable clone as major, or simultaneous trisomy 12, t(14q32), and del 13q (n = 77). This new cytogenetic risk model was better able The intra-tumoral clones′ distribution of the entire patients to predict survival than the conventional model (Figure 1d-f and Table 1 ).
DIsCUssION
A hallmark of CLL is its tremendously variable clinical course, with survival ranging from months to decades. A long-standing goal of CLL studies has been to gain a better understanding of the basis of this clinical variability, especially to distinguish groups with a highly unfavorable prognosis. Recurrent chromosomal aberrations as detected by FISH have a reproducible prognostic power in terms of survival. There are several doctrines regarding the prognostic role of cytogenetic aberrations. The first is that del 17p and/or del 11q CLL are involved in a universally aggressive disease with an unfavorable prognosis. By contrast, del 13q, trisomy 12, and t(14q32) are thought to be favorable or neutral prognostic factors, 3 regardless of the concurrent cytogenetic aberrations and clone size. In this study, we first distinguished the unfavorable survival of patients in the conventional favorable prognostic group and identified a population with longterm survival in the conventional unfavorable prognostic group by integrating the analysis of the concomitant cytogenetic aberrations and the intratumoral cytogenetic subclones.
Deletion of 13q14 as the sole abnormality is a favorable prognostic marker in CLL. Survival of patients with concomitant FISH abnormalities, such as del(13q) in the presence of trisomy 12 or patients with three or more FISH abnormalities with or without loss of 17p/11q, has been reported less frequently. Davids et al. 16 reported that the TTT of the trisomy 12 plus del(13q) cohort was more similar to that of trisomy 12, consistent with the Dohner hierarchy characterization. 3 Van Dyke et al. 17 further found that concomitant del 13q and trisomy 12 had no influence on either TTT or OS compared with trisomy 12 only. However, patients with three or more cytogenetic aberrations without del 17p had shorter TTT (5.0 months) compared with others. 16 In this study, Table 2 Prognostic significance of cytogenetic aberration number and intratumoral subclone types in subgroups of patients designated "favorable clone" or "unfavorable clone" OS, overall survival; PFS, progression-free survival; TTT, time to first therapy.
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there were 12 patients with del 13q plus trisomy 12 and 30 patients with only trisomy 12. The survival rates of these two groups were similar in terms of TTT, PFS, and OS (Supplementary Table S3 online). We further analyzed the survival of other pairs of concomitant cytogenetic aberrations among del 13q, trisomy 12, and t(14q32) compared with only one aberration. Survival did not significantly differ between patients with one or two aberrations (data not shown). We also found that patients with concomitant del 13q, trisomy 12, and t(14q32) had significantly unfavorable PFS and OS compared with patients with fewer than three abnormalities. These results, together with the results of a previous report, 16 indicated that higher numbers of cytogenetic aberrations could worsen the survival of CLL patients.
CLL patients with del 17p or 11q are thought to exhibit rapid disease progression and to have an unfavorable prognosis. 6, 18 The clinical implications of other concomitant cytogenetic abnormalities have been deemed to be overshadowed in these high-risk patients. However, the overall survival of patients with three or more FISH abnormalities was longer than that of patients with del 17p with one or no additional abnormalities, 16 and concomitant deletion of 17p and 11q conferred a significantly worse prognosis, 18 indicating that heterogeneity also existed in this population. In this study, we did not reproduce these results. The number of additional abnormalities in the unfavorable group (del 17p and/or del 11q) did not significantly influence the survival ( Table 2) . Then, we reanalyzed the additional abnormalities only in patients with del 17p, as described in the literature. 6, 16 The number of additional abnormalities also did not significantly influence the PFS or OS of patients with del 17p (data not shown). However, when we carefully analyzed concomitant cytogenetic aberrations in the unfavorable prognosis group, the proportion of each cytogenetic aberration varied greatly, which indicated that the pathogenetic contribution of del 17p/11q in each patient might be different. Therefore, we CLL is characterized by the coexistence of multiple populations within a tumor. Such ITH has previously been proposed for CLL 19 and can be detected using a variety of experimental methods. [20] [21] [22] Whether this ITH can be used to further classify CLL has been less rigorously investigated. In early cytogenetic studies using FISH, intratumoral heterogeneity was revealed by the acquisition of recurrent aberrations during CLL progression, which is referred to as clonal evolution. 21 With the relatively recent application of next-generation sequencing technology, intratumoral heterogeneity could be determined at diagnosis and could fuel and predict clonal evolution and even the generation of therapy-resistant subpopulations over time by providing a comprehensive approach to detecting subclones at an unprecedented resolution. [23] [24] [25] Collectively, next-generation sequencing-based sequencing has revealed the most commonly mutated genes across various studies, including TP53, SF3B1, MYD88, BIRC3, NOTCH1, and ATM. 19, 26 MYD88, NOTCH1, and SF3B1 mutations are considered early driver mutations in CLL and lead to evolutionarily preferred clones. 24, 27 The prognostic roles of these mutant genes are different. Mutation of TP53 is an established adverse predictor, but mutation of ATM, NOTCH1, SF3B1, and BIRC3 is dependent on the specific situation. 28 Efforts have been made to integrate these mutant genes into the existing FISH prognostic model, which treats the deletion and/or mutation of TP53 and BIRC3 as the high-risk group, mutation of NOTCH1 and/or SF3B1 and/or del 11q as the intermediate-risk group, trisomy 12 and normal genetics as the low-risk group, and harboring del 13q only as the very-lowrisk group. 29 However, because it is currently not feasible to apply genomewide sequencing in routine clinical practice, the patterns of intratumoral subclones and/or clonal evolution and the effects on disease course have not been fully elucidated. By taking note of the nonequilibrium percentages of tumor cells and the different cytogenetic aberrations involved, ITH can be analyzed using FISH, which was utilized in this study as reported previously. 30, 31 In this study, we found that two genetic subclones could be distinguished in the presence of two or more aberrations detected by FISH. In patients with unfavorable clones (i.e., containing del 11q/del 17p), three genetic subclones could be defined. In terms of survival, there were no significant differences between patients with one favorable clone and those with two favorable clones (Supplementary Figure S6 online) or between patients with one unfavorable clone and a major unfavorable clone (Supplementary Figure S5E-G online) . However, patients with a minor unfavorable clone had an unexpected survival advantage compared with patients with an unfavorable clone and/ or a major unfavorable clone (Supplementary Figure S5E-G  online) . This result seems to differ from those of two recent studies that reported that minor mutant TP53 subclones detected by ultra-deep next-generation sequencing showed poor survival, similar to that with the clonal TP53 mutation detected by conventional Sanger sequencing. 32, 33 However, both studies focused only on the TP53 lesion and did not analyze the concurrence of other cytogenetic aberrations. Thus, the concept of minor clones is absolute in those studies but is relative in our study. In our study, there were several cases of low proportions (7.5 to 15.5%) of TP53-deletion cells within the group with TP53 deletion as the major clone. By contrast, several patients had high percentages (up to 46.0%) of cells with TP53 deletion in the group with the unfavorable clone as a minor clone.
It is unclear why patients with an unfavorable clone as a minor clone experienced a survival advantage, but in the case of two separate clones, it might be related to the dominance of the 13q-/trisomy 12 clone in terms of growth potential, whereas the del 17p/del 11q subclones may be suppressed. Del 13q and trisomy 12 are considered early-acquisition and driver cytogenetic events in the history of individual CLL tumors and provide a clonal advantage to B cells. 24, 34 It is known that the adverse prognosis of del 17p is related to its effects on the p53 pathway. It would therefore be of interest to examine whether patients with a minor unfavorable clone exhibited alterations in the p53 pathway (i.e., mutations in ATM or the p53 allele). However, the absence of suitable patient materials precluded these experiments in this retrospective study.
Although we found that initial cytogenetic aberrations present at diagnosis provided significant information regarding intratumoral heterogeneity and prognosis, we emphasize the importance of the longitudinal assessment of cytogenetic markers to follow disease evolution, particularly in relation to therapy. The tracking of intratumoral heterogeneity over time can provide critical information regarding clonal dynamics. 19, 34 In conclusion, FISH cytogenetics remains a useful clinical genetic tool. By integrating analyses of the number of cytogenetic aberrations and intratumoral cytogenetic heterogeneity, prognostic stratification will become more precise. As such, our data provide valuable new insights for consultation with patients.
